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Space agricultureNitrogen ﬁxation and drought tolerance confer the ability to grow on dry land, and some terrestrial cyanobac-
teria exhibit these properties. These cyanobacteriawere isolated in an axenic form fromNostoc commune clusters
and other sources by modifying the method used to isolate the nitrogen-ﬁxing and drought-tolerant cyanobac-
terium Nostoc sp. HK-01. Of these cyanobacteria, N. commune, which is difﬁcult to isolate and purify, uses
polysaccharides to maintain water, nitrogen fertilizers for nitrogen ﬁxation, and can live in extreme environ-
ments because of desiccation tolerance. In this study, we examined the use of N. commune as biosoil for space
agriculture and possible absorption of radioisotopes (134Cs, 137Cs). This article is part of a Special Issue entitled:
Photosynthesis Research for Sustainability: from Natural to Artiﬁcial.
Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.1. Introduction
Cyanobacteria of the genus Nostoc are found in every continent in a
wide range of terrestrial and aquatic ecosystems. Although numerous
strains of Nostoc have been identiﬁed, only a few Nostoc species have
been characterized in detail [1]. Nostoc commune is a well-known, ter-
restrial, diazotrophic, and highly drought-tolerant cyanobacterium [2],
and desiccated N. commune has been shown to survive for almost
100 years [3]. Desiccated N. commune exhibits a rapid recovery of
photosynthetic activity, attaining almost half themaximum levelwithin
1 h of rewetting [4]. The Nostoc species are thought to be very useful
in agricultural applications because of their (i) N2 ﬁxation activity,
(ii) extracellular polysaccharide, (iii) photosynthetic system, and par-
ticularly (iv) desiccation tolerance ability; all of these greatly contribute
to improving the quality of nutrient-poor soils. Katoh and co-workers
[5] suggested that cyanobacterial features were required for the isola-
tion and characterization of a Nostoc sp. However, isolation and cultiva-
tion techniques for terrestrial cyanobacteria are poorly established.
In March 2011, an earthquake caused a tsunami in northeast Japan.
As a result, the Fukushima nuclear power plant was damaged resultinghesis Research for Sustainability:
+81 59 231 9048.
).
12 Published by Elsevier B.V. All rigin the leakage of various radioisotopes. To avoid radiation from radio-
isotopes, environmental research and minimization of radiation expo-
sure are important [6]. Eight months after the disaster, the major
fallout radioisotopes are iodine (I) and cesium (Cs), and the minor
fallout radioisotope is strontium (Sr). These radioisotopes pose a risk
of internal and external human exposure to ionization radiation.
Because the half-life of radioactive iodine (131I) is 8 days [7], gamma
rays are difﬁcult to detect after a few months. Care should be taken to
avoid personal internal exposure to radioactive nuclides. The beta rays
emitted by 134Cs and the beta and gamma rays emitted by 137Cs and
daughter 137mBa, respectively, remain in the soil; the half-lives of
134Cs and 137Cs are 2 and 30 years, respectively [7]. Themajor fallout ra-
dioisotope is cesium, and the behavior of Cs is similar to that of potassi-
um (K). In polluted areas, farmers are unable to raise crops because the
crops can absorb radioisotopes (bioremediation), and ingestion of
radioisotope-contaminated crops would increase the risk of personal
internal exposure [6]. The half-lives of 89Sr-emitted gamma rays and
90Sr-emitted beta rays are 51 days and 28.9 years, respectively [7];
strontium is similar to calcium (Ca) in behavior. The gamma rays from
89Sr are difﬁcult to detect after a few months because of decreasing
radioactive activity resulting from a short half-life. Radioactive 90Sr is
also difﬁcult to detect because the beta-ray-emitting nuclides cannot
be detected using speciﬁc gamma ray spectrometers and have to be
separated and chemically puriﬁed. Further, the amounts of 90Sr and
89Sr detected are lower than those of radioactive cesium (MEXT:hts reserved.
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Sr/Cs=1/2000–1/10,000, http://www.nsc.go.jp/nsc_mnt/110610_3.pdf
and http://radioactivity.mext.go.jp/ja/1260/2011/03/1304935_0412_1.
pdf [a week after the accident], in Japanese). Radioactive Sr can accumu-
late in the bones, and the emitted beta rays can destroy the bone cells.
Therefore, personal internal exposure to radioactive Sr, particularly 89Sr,
should be avoided. To avoid radiation accidents, it is best to replace nucle-
ar energy with clean energy.
Bioremediation is a useful technique for removing water pollution
and improving devastated soils. Sunﬂower is a useful plant for radioiso-
tope absorption. It has been shown to absorb and accumulate radioiso-
topes such as Cs and Sr [8]. However, little is known about the
radioisotopes accumulation of sunﬂower plants grown on soil culture.
To recover and safeguard radioisotopes, researchers and non-
researchers have performed radiation measurements, bioremediation,
and washing. Despite these actions, it is difﬁcult to recover these
isotopes because of soil (clay and silt containing mica) adsorption.
Detailed research remains to be conducted on radioisotope-polluted
soils and ﬁelds in Fukushima. Bioremediation is an approach to recover
radioactive cesiumwhere plants, algae, and cyanobacteria are expected
to absorb radioisotopes from the soil surface. Cyanobacteria, especially
terrestrial cyanobacteria,may absorb radioisotopes through their extra-
cellular polysaccharides; however, this possibility remains to be inves-
tigated. N. commune is a useful organism for analyzing radioisotope
absorption because of its acclimation to desiccation [2] and its ability
to survive high doses of radiation [9] (living on surfaces containing
radioactive cesium).
Products of algae and cyanobacteria are useful materials for clean
energy systems and expect to develop industrial technology. Botryococ-
cus braunii is a well-known oil-producing green alga [10]. Cyanobac-
teria are also used as biofuels and biomass [11]. Compared to algae,
cyanobacteria have the following advantages: i) cyanobacterial photo-
syntheticmechanisms [12–14]may be used to develop new, ecological-
ly feasible technologies (e.g., a bio-solar panel using photosystem II
proteins [15]), ii) some cyanobacteria ﬁx nitrogen to grow under
nitrogen nutrient-free condition. Furthermore, cyanobacterial biomass
may be useful not only as biofuels but also as biosoil, including space
agriculture. Although cyanobacteria are expected to produce biofuels
under low-nutrient conditions, puriﬁcation of cyanobacterial biofuels
has not been investigated yet.
In this study,N. commune, a terrestrial cyanobacterium,was isolated.
Axenic cyanobacterial abilities, such as desiccation tolerance and nitro-
genﬁxation,may be critical to the development of biosoil or biofertilizer
for space agriculture.
2. Materials and methods
2.1. Cultivation media
For cyanobacterium isolation, 1.2% agar plate containing a 20-fold
dilution of DTN medium and WKT-N (same as MDMo) medium was
used, as described previously [5,16,17]. MDMo medium (developed by
Watanabe and Kiyohara) [18] and BG11o medium, both of which lack
a nitrogen source, were used for agar plates and liquid culture [5,19].
To avoid fungal contamination, 30–50 μg/mL cycloheximide was
added to each plate.
2.2. Isolation and puriﬁcation of cyanobacterium
Crusts of cyanobacteria were collected from the University of Hyogo
(Formerly theHarima ScienceGarden City Campus of Himeji Institute of
Technology), Hyogo Prefecture, Japan [4] (N34.928516, E134.445362).
The crusts were dried for 1 week at 25 °C in the dark and stored in the
dark at room temperature. The crusts were soaked in sterile MilliQ-
water for 1 day and washed twice with sterile water. Wetted crusts
were ground with a mortar and pestle and then spread on a 1/20DTN, MDMo, or BG11o agar plate. The cultures were grown under con-
tinuous illumination (20–100 μmoles photonm−2 s−1) at 22–30 °C for
about 1 month. The colonies of cyanobacteria excreting polysaccharide
were cultured on another agar plate. Isolated cyanobacteria were puri-
ﬁed by culturing in the presence of antibiotics (kanamycin [5 μg mL−1]
and cycloheximide [30–50 μg mL−1]), as described previously
[5,16,17]. In subcultures, the grown Nostoc crusts were washed with
sterile water containing antibiotics and then cultured on a low
nutrient plate (MDMo or 1/20 DTN) containing 1.2% (w/v) agar to
remove fungi and bacteria. Finally, pure cyanobacteria were successful-
ly isolated. Isolated strains were kept under continuous illumination
(20–50 μmoles photon m−2 s−1) at 22 °C.
A test for purity of the culture was carried out, as previously
described [5] with slight modiﬁcations. An aliquot of cultured cells
was grown on a culture plate supplemented with 0.5% (w/v) glucose
and 0.05% (w/v) casamino acid at 30 °C for 2 weeks and contamination
by other bacteria was examined with a microscope.
2.3. DNA sequencing
DNA was extracted from each cyanobacterium according to the
method of Murray and Thompson [20] by using cetyltrimethylammo-
nium bromide (CTAB) to reduce contamination by polysaccharide. PCR
ampliﬁcations were performed with a Gene Amp® PCR System 9700
(Applied Biosystems, USA) by using primers for 16S rDNA (5′-AGAGTTT-
GATCCTGGCTC-3′ and 5′-AAAGGAGGTGATCCAGCC-3′) [5,21]. The
nucleotide sequence of the 1.4 kbp (16S rDNA) PCR product was directly
determinedwith a capillaryDNA sequencer (model 3100; PE-Biosystems,
USA) by using a Big Dye terminator DNA sequencing kit (PE-Biosystems)
orDYEnamic ET terminal sequencing kit (GEHealthcare, UK). Theprimers
5′-AACCTCTTTTCTCAGGGA-3′ and 5′-GTCTCTCTAGAGTGCCCA-3′ were
used to determine the internal sequence of the 16S rRNA.
The nucleotide sequences of the 16S rDNA of isolated cyanobacteria
have been registered under DDBJ accession number AB694927.
2.4. Drought tolerance test
Cyanobacteriawere grown onplates containingBG11, BG11o,MDM,
MDMo, and 1/20 DTN culture medium at 30 °C under illumination
(40 μmoles photon m−2 s−1) for 2 weeks. Then, the cyanobacteria
were dried at 25 °C and 30% relative humidity for 1 week under room
illumination, and stored for 3 months under room illumination at
25 °C. The dried strains were soaked in sterile water for 10 min,
streaked on a new plate containing growth culture medium, and incu-
bated under illumination (40 μmoles photon m−2 s−1) at 30 °C. Oxy-
gen evolution was measured using the indigo carmine method as
follows: (i) reduced 0.125% (w/v) indigo carmine solution was pre-
pared with 0.25% NaHCO3 (w/v) and added 0.1% (w/v) Na2S2O4 until
changed in color from blue to yellow, (ii) small crusts of grown Nostoc
(cultivated under room light for 2 h) were soaked in the prepared indi-
go solution, and (iii) samples were treated under light (40 μmoles pho-
tonm−2 s−1) or dark condition for 20 min at 25 °C, and iv) a change in
color from yellow to blue indicated oxygen evolution.
2.5. Plant growth test
Plant seeds were treated with 70% ethanol for 1 min followed by a
mixture of 5% (v/v) sodium hypochlorite and 1% (w/v) SDS for
3–5 min, and then washed 3–4 times with sterile MilliQ water to re-
move surface contamination (bacteria). One gram of cyanobacterial
crusts was placed on an MDMo plate, and surface-sterilized seeds of
various genera were added to the plate. The seeds were cultivated
under continuous illumination (40 μmoles photon m−2 s−1) at 25 °C.
Plant growth was assessed by measuring the length of the stem or
leaf. The plants were also monitored for leaf fall and wither.
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N. commune crusts were found in Futaba County Namie town
(N37.5761111, E140.7810000) and Katsurao village (N37.503428,
E140.774129). These areas were highly contaminated with artiﬁcial
radioisotopes. The radiation dose in Katsurao village and Namie town
were 23 μSv/h and 4 μSv/h, respectively (June, 2011), as measured by
an RDS-30 Radiation Survey Meter (Mirion™ Technologies, USA) for
detecting external exposure dose rate of gamma rays.
2.7. Radioisotope accumulation test using terrestrial cyanobacteria in
Fukushima
To examine the possibility of using N. commune for radioisotope
adsorption, naturally occurring artiﬁcial-radioisotope-free desiccated
N. commune crusts were collected at Tsu City, Mie prefecture
(N34.7394 E136.4962) and were placed on radioisotope-polluted agri-
cultural soil surface (N37.59113347, E140.64230203; 2 μSv/h, 2000
counts per minute [cpm]). Then, the desiccated N. commune crusts
and soil were rewetted with an aqueous solution (10 mL of deionized
water, 60 mM citrate, 60 mM ammonium acetate, or 30 mM citrate
and ammonium acetate). After 1.5 h, the radiation cpmweremeasured
in an artiﬁcial radioisotope-free room using a GM surveymeter for beta
and gamma rays (TGS-133; HITACHI-ALOKA) (1000 cpm=approxi-
mately 4 Bq cm−2 of 137Cs). Citrate and ammonium acetate solutions
were used as chelating agent and counter ion, respectively. To detect
soluble radioisotopes, soil samples werewashedwithwater and liquids
and solids were separated. The radioisotopes (134Cs and 137Cs) in the
soil (from the Katsurao village) were detected with a Germanium
(Ge)-semiconductor detector, which detects radioactive nuclides
using energy levels of gamma-ray peaks.
3. Results
3.1. Isolation and puriﬁcation of N. commune HK-02
Components of the culture medium, temperature, and light condi-
tions required to isolate and cultivate the cyanobacterium were deter-
mined. After many trials, N. commune HK-02 was successfully isolated
using a nitrogen-free MDMo or BG11o plate. Following the characteri-
zation of cell shape and colony features [2] and the 16S rDNA sequence
analysis (which shared 100% identity with that of N. commune Hyogo,
Akashi, Japan, DDBJ accession number AB101003), the isolated strain
was classiﬁed as N. commune. Microscopy of N. commune revealed a ﬁl-
amentous morphology, and the vegetative cells were 3–4 μm in length
and 2–3 μm in width (Fig. 1A). The strain exhibited differentiated
nitrogen-ﬁxing heterocysts (Fig. 1A arrows); motile hormogonia and
akinetes were not detected. The N. commune colony was spherical and
the cells were located on the spherical surface (Fig. 1B). N. commune is
difﬁcult to isolate because of its slow growth. Therefore, the ﬁrst stepFig. 1. Isolated Nostoc commune HK-02. A. Microscope of HK-02 cells. Arrow indicates nitro
Scale bar, 2.0 mm.in N. commune isolation is colony formation, and the second step is
antibiotic selection. To isolateN. commune, cycloheximide and kanamy-
cin are useful. The results indicated that the 2 steps were critical.
3.2. Drought tolerance test
To investigate drought tolerance, strain HK-02was ﬁrst subjected to
dehydration for at least 3 months, and then rewetted and cultured on
an MDMo plate (Fig. 2A–C). The growth of N. commune was very slow
(Fig. 2) and the spherical colonies became 2–4 times larger after propa-
gation for about 1 month. To conﬁrm that the Nostoc cells were alive,
the indigo carmine reaction test was performed (Fig. 3). The oxidation
reaction produced a blue color (0–20 min) under conditions of illumi-
nation (Fig. 3, lower panel), but not under dark conditions (Fig. 3,
upper panel). These results suggested that the N. commune HK-02
cells were revived.
3.3. Plant growth on cyanobacterial mat
In this experiment, plants with small seeds from the genera Brassica,
Capsicum, Lactuca, and Allium (Fig. 4A–D), were used to investigate
nutrient effects. The plant seeds were grown on MDM (containing
nitrogen), MDMo (nitrogen-free), and an axenic N. commune mat on
MDMo (cyanobacterial mat) plates (Fig. 4). No signiﬁcant difference
was found in the growth of Brassica on the 3 plates (Fig. 4A). The size
and scale of Capsicum on cyanobacterial mat was approximately
20–30% larger than that on MDMo (Fig. 4B). The size and scale of
Lactuca on cyanobacterial mat was the same as that on MDMo (Fig. 4
C). Finally, although the size and scale of Allium on cyanobacterial mat
was approximately 50% lower than that on MDMo andMDM, germina-
tion and rooting rates of Allium on cyanobacterial mat were approxi-
mately 100% higher than that on MDMo and MDM (Fig. 4D). On the
other hand, N. commune grew in each case (Fig. 4), suggesting that its
nitrogen-ﬁxing ability was active.
3.4. Relationship between N. commune colony location and radioisotope
accumulation
To ﬁnd N. commune crusts, ﬁeld research was conducted in Fukush-
ima. N. commune crusts were found near pools of water and around
drains. N. commune colonies were also found above the ground at a
height of 1 m where the radiation level was 23 μSv/h. In Namie town
(23 μSv/h), N. commune colonies were found on the edge of a road
that accumulated soil (silt and clay). In this area, the radiationmeasure-
ments were 21,000 cpm (background) and 26,000 cpm (the colonies),
and these numbers remained unchanged for at least 1 month after the
measurements were performed (Fig. 5). In Katsurao town (4 μSv/h),
N. commune colonieswere foundon soil that had a tendency to accumu-
late stagnant water. In this area, the radiation measurements were
2000 cpm (background) and 2400 cpm (the colonies), and thesegen-ﬁxing heterocyst. Scale bar, 10 μm. B. Colonies of HK-02 grown on MDMo plates.
Fig. 2. Recovery of desiccated N. commune HK-02. A. Desiccated N. commune HK-02
inoculated on anMDMoplate. B. Revival ofN. communeHK-02 grown for 5 days. C. Revival
of N. commune HK-02 grown for 1 month. Scale bar, 2.0 mm.
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ments were performed (Fig. 5).
3.5. Accumulation of radioisotopes by terrestrial cyanobacteria in Fukushima
In the ﬁelds of Fukushima, it was difﬁcult to accurately measure the
radiation doses because of high background (2000–35,000 cpm; the
radiationwasmeasured for 1 min to obtain a stable value, and 3–5mea-
surements were made at each point). To overcome this issue, radiation
was measured in a low-background environment (non-polluted room:
60 cpm.) In a low-background environment (no artiﬁcial radioiso-
topes), the area soil and atmospheric radiation values were 300 cpm
and 60 cpm, respectively. Therefore, the background radiation was
ﬁxed as 60 cpm. Dried and rewetted N. commune crusts exhibited no
signiﬁcant difference (Fig. 6). N. commune crusts rewetted with citrate
solution exhibited a slight accumulation of radioisotopes after 1.5-h
treatment (Fig. 6). N. commune crusts rewetted with ammonium ace-
tate solution exhibited no signiﬁcant difference after 1.5-h treatment.
It is difﬁcult to detect beta-ray nuclides, such as 90Sr, because of
sample volumes, measurement technique, detection limit, and the
lack of a low-background beta ray measurement system. According to
a press release from the Ministry of Education, Culture Sports, Science
and Technology Japan, the Sr/Cs ratio is in the range 1/2000 to
1/10,000 (http://www.nsc.go.jp/nsc_mnt/110610_3.pdf, in Japanese).
Therefore, the gamma ray nuclides 134Cs and 137Cs in the soil were
measured using a Ge-semiconductor detector (Table 1). The amounts
of 134Cs in the soil sample were similar to that of 137Cs. It is noteworthy
that only a small amount of radioisotopes was found in the washing
solution, strongly suggesting that the radioisotopes are not soluble inFig. 3. Indigo carmine reaction bioassay for measuring oxygen evolution. The upper
panels represent treatment under dark conditions. The lower panels indicate treatment
in the presence of light. The samples on the left are controls (untreated, panels A and B,
respectively), and the samples on the right were treated in the absence or presence of
light for 20 min (panels C and D, respectively).thewater used towash the soils. Incidentally, at least 300 mLof solution
or the same volume of solid samples is required for the detection of
radioactive nuclides using a Ge-semiconductor detector.
4. Discussion
For isolating N. commune, at least 2 steps (colony formation and
antibiotics selection) are important [5] because the other contami-
nants, such as bacteria fungi, algae, and cyanobacteria, dominate the
growth plate and interfere with the isolation of N. commune colonies.
In nature, N. commune colonies contain only N. commune cells that
maintain the colonies [5,9]. N. commune can grow in low-nutrient
and desiccation–rewetting conditions, and the polysaccharide of the
colonies may allow the growth of small amounts of other organisms,
such as bacteria, fungi, algae, and cyanobacteria, under extreme con-
ditions. During the process of isolation, some bacteria were difﬁcult to
remove from the colonies of isolated N. commune because the bacteria
may be living on the surface of the polysaccharide.
Although the indigo carmine reagent may be used to study oxygen
evolution by cyanobacterium in ﬁeld works, this reagent has to be
prepared within 1 h of use to avoid degradation. Furthermore, the re-
agent is difﬁcult to prepare in the ﬁeld because the dissolved oxygen
in the air would change the color of the reagent from yellow to blue.
N. commune was ﬁnally isolated by washing and using antibiotics.
Axenic N. commune HK-02 grew photoautotrophically. The isolation
and puriﬁcation results suggested that N. commune grows in low inor-
ganic conditions, and the colonies are useful tools for nutrient biodegra-
dation. Taking environmental concerns into consideration, N. commune
may be used as a biological fertilizer. The axenicN. commune is a critical
organism for analyzing photosynthesis under desiccation because not
only biochemical techniques but also molecular biological techniques
can be used for analysis.
In space agriculture, biological fertilizers are awaited because it is
difﬁcult to transport large quantities of fertilizers to grow plants. To
overcome these problems, at least 4 criteria must be fulﬁlled: i) des-
iccation ability or ability to decrease water, ii) ability to grow in
low-nutrient conditions, iii) nutrient-ﬁxation systems (photosynthe-
sis and nitrogen ﬁxation), and iv) radiation tolerance (cosmic rays).
N. commune possesses all the 4 abilities [9]. To avoid effects of the
other organisms, plant growth test was performed using axenic N.
commune. Thus, the axenically cultivated N. commune HK-02 is a use-
ful organism for application as a biological fertilizer and for directly
studying plant–N. commune interactions. This is the ﬁrst time that
axenic nitrogen-ﬁxing N. commune has been used to study plant
growth. The results of plant growth with or without the N. commune
mat (cyanobacterial mat) indicated that the cyanobacterial mat did
not inhibit plant growth on a nitrogenous nutrient-free plate. In the
case of Capsicum, plant growth on cyanobacterial mat was nearly
the same as that on a nitrogenous nutrient-containing plate. It is
known that the growth of Capsicum requires slow-release fertilizers
and the maintenance of fertilizer effects. Given that plants deﬁcient
in nitrogen nutrients exhibit growth inhibition, change in leaf color
to light green, and withering of older leaves, the growth of Capsicum
indicated that the plant may use nitrogen nutrients released from
nitrogen-ﬁxing N. commune. In Brassica, growth of young leaves
(true leaves) and withering of the cotyledon occurred under nitrogen
nutrient-containing condition and in the presence of the N. commune
mat in nitrogen nutrient-free condition. On the other hand, true-leaf
growth and cotyledon withering was slow under nitrogen nutrient-
free condition; however, the change in leaves did not occur when
the N. commune mat was added to the nitrogen nutrient-free condi-
tion. These results also suggest that the plants use nitrogen nutrients
released from nitrogen-ﬁxing N. commune. Furthermore, germination
and rooting rates of Alliumwere higher in the presence of N. commune
mat than on the other plates. It is known that the germination rate
of Allium is decreased by long-term storage. This suggests that
Fig. 4. Cultivation of plants on MDM (nitrogenous nutrient-containing medium), MDMo (nitrogenous nutrient-free medium), or MDMo inoculated with axenic Nostoc commune
HK-02. A. Komatsuna (Brassica campestris); B. Green pepper (Capsicum annuum); C. Lettuce (Lactuca sativa L.) hormogonium; D. Chinese chives (Allium tuberosum rottler). Growth
times are shown on the left side of the panels.
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mune. Efﬁcient growth of Lactuca requires nitrogen nutrients, partic-
ularly from the seedling to the early phase of growth. The growth of
Lactuca under nitrogen nutrient-containing condition is faster and
larger than that under nitrogen nutrient-deﬁcient condition, and the
addition of the N. commune mat had little effect on the growth of
Lactuca, suggesting that the N. commune mat was not sufﬁcient to
supply nitrogen nutrients. Collectively, the results strongly suggest
that axenic cyanobacterial mat is a useful substitute for soil and
weak fertilizers. Incidentally, N. commune and Nostoc ﬂagelliforme
are used as food in Japan and China, respectively.
In March 2011, the Fukushima nuclear power plant was damaged
and various radioisotopes diffused around Fukushima prefecture in
Japan. It is important to remove and recover the radioisotopes, particu-
larly the 137Cs and 134Cs that remain on the ground adsorbed to the soil
(clay and silt, Table 1). Field research in Fukushima was unable to mea-
sure radioisotope accumulation because of the scattering effect of rainFig. 5. Field research in radioisotope-polluted areas of Fukushima. N. commune colonies wer
(26,000 and 2400 cpm) were higher than those of the soil (21,000 and 2000 cpm).and wind. Thus, the radiation dose was different in different areas,
such as Namie town and Katsurao village (located near Namie town).
N. commune colonies exhibited a tendency to accumulate radioisotopes
because the radiation levels of the colonies were higher than the back-
ground levels. Furthermore, the radiation levels were maintained for at
least 1 month, and the colonies were localized around stagnant water.
These results suggest that the N. commune colonies accumulated radio-
isotopes or soil-adsorbed radioisotopes. The polysaccharide of N. com-
mune colonies may bind the detected radioisotopes not in their ionic
forms but the silt- and or clay-soil adsorbed forms. The following obser-
vations were made in this study: i) the concentration of ionized radio-
active Sr was low; ii) ionized radioactive Cs bound silt- and clay-soil
within a few months; and iii) plants, such as sunﬂower, could not
efﬁciently absorb radioactive Cs (Ministry of Agriculture, Forestry
and Fisheries, http://www.maff.go.jp/mobile/kinkyu/tohoku_saigai/
08/2011/1109/110914/110914_gijutu_betu01.html and http://www.s.
affrc.go.jp/docs/press/pdf/110914-09.pdf, In Japanese).e detected around stagnant water. Radioisotope accumulations of N. commune colonies
Fig. 6. Absorption of radioisotopes from soil using desiccated N. commune and a solution with or without chelator (citrate) and/or counter ion (ammonium ion). Desiccated N.
commune was placed on the soil (containing radioisotopes: 300 cpm) and rewetted using the different solutions, as indicated. Background was 60 cpm. The radioisotope counts
(cpm) are shown. The counts were measured in a room free from artiﬁcial radioisotope pollution.
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However, this measure was inadequate because of soil adsorption. In
this study, results from the ﬁeld research and absorption test indicate
the ability of N. commune to absorb radioisotopes (Fig. 6). For the
absorption of soil radioisotopes, a chelating agent (EDTA) and counter
ion (K+) were used. The results of the ﬁeld research and absorption
experiment suggested that N. commune in Fukushima ﬁelds may
absorb silt- or clay-adsorbed radioisotopes, and indicate that chelat-
ing agents may be used for radioisotope recovery. To increase radio-
active nuclides accumulation in cyanobacteria, cations, such as K+,
Mg2+ and Ca2+, may not be used [22]. Further, molecular biological
analysis of Arabidopsis thaliana identiﬁed a gene involved in cesium
and strontium accumulation [23]. Recovery of radioisotopes from
polluted soils requires further research and analysis.
The features of the ammonium ion (NH4+) are as follows: i) can be
absorbed in the soil and exchanged for Cs+ in the Cs+-absorbed soils;
ii) can be used as a nitrogen source (nutrient) for soil-living bacteria,
cyanobacteria, and plants; iii) can be reduced by the metabolism of
organisms. Although NH4+ has a low inﬂuence on the environment,
the concentration for use need be optimized because excess of ammoni-
um ion may changes not only population of bacteria in soil but also the
features of the soil. Considering that NH4+ is a fast-release fertilizer, the
Cs-removal experimentwas performed in short periods and dissolution
of Cs+ was enhanced by chemical compounds such as chelators. In this
report, ammonium ion could not readily release Cs+ because Cs+ in
soils may not be easily released. The features of citrate are as follows:
i) can chelate cations such as Cs+; ii) has weak acidity to dissolve Cs+
from the Cs+-absorbed soils; and iii) can be reduced by themetabolism
of organisms. Other chelators such as EDTA and Prussian blue (ferric
hexacyanoferrate) are not suitable because they are not environmental-
ly friendly and not easily metabolized by the organisms. Moreover,
Prussian blue is known to be a powerful chelator to trap cesium. Accu-
mulation of radioactive nuclides by using cyanobacterial crusts may be
accelerated by a chemical compound that is environmentally friendly
and easily metabolized by organisms.
According to Zhu and Smolders [22], Cs+ accumulation in plants is
increased under low-nutrient condition. The result indicated the exis-
tence of at least 2 transporting systems; that is, a speciﬁc cation trans-
porter and a loosely selective cation transporter [23]. Cyanobacteria
have speciﬁc cation transporters such as K+ and Ca2+, as well as un-
knownmetal transporters. The followingmechanisms of transportationTable 1
Effects of washing soil containing radioisotopes.
Supernatant [Bq/kg] Water washed soil [Bq/kg]
137Csa 2 6688
SDa 2 40
134Csb 7 5426
SDb 2 33
SD: standard deviation.
a Corrected data.
b Provisional data.of Cs+ and Sr2+ may be considered: i) the features of Cs+ and Sr2+,
which are similar to K+ and Ca2+, suggest that Cs+ and Sr2+ are trans-
lated into cells using K+ and Ca2+ transporter(s); ii) considering that
several candidate genes for Cs+ and Sr2+ translation exist [23], not
only speciﬁc metal transporters but also loosely selective cation trans-
porters may be able to translate Cs+ and Sr2+.
Given the similarities between radioactive 90Sr and Ca, Sr2+ may
alter oxygen evolution in Photosystem II (PSII) by interfering with
the association of Ca2+ with the Mn cluster complex. The oxygen
evolution activity of stable (non-radioactive) Sr2+-exchanged PSII
was lower than that of native (Ca2+-binding) PSII [24]. Further, the
change in the S-state of Sr2+-exchanged PSII was slower than that
of native PSII [24]. Considering that oxygen-evolving activity and/or
chlorophyll ﬂuorescence kinetics may be altered by Sr2+-absorbed
photosynthetic organisms, such as cyanobacteria and plants, the
90Sr-polluted area may exhibit a decrease in photosynthetic activity.
Chlorophyll ﬂuorescence is useful for satellite mapping of extensive
areas with photosynthetic activity. Although cyanobacteria may accu-
mulate aqueous 90Sr, they may not be able to absorb and accumulate
90Sr from the soil surface because soil inﬁltration or adsorption de-
creases the concentration of 90Sr. Therefore, because of low Sr con-
centration and absorption, Sr may not be detected. Furthermore,
chlorophyll ﬂuorescence cannot be monitored at low Sr concentra-
tions. However, the use of chlorophyll ﬂuorescence analysis to study
the effects of radioisotopes may be applicable to ecological study
and crop science, particularly in long-term investigations of forest
photosynthesis and the relationship between crops and environmen-
tal factors such as light, temperature, rain, soil, and area, for increas-
ing crop yields.
5. Conclusions
Results from this study suggest that axenically isolated N. com-
munemay be used for agriculture, including space agriculture. Axenic
N. commune HK-02 is a useful organism not only for studying photo-
synthesis under desiccation using molecular biological analysis but
also for biosoil and biofertilizer applications owing to their
nitrogen-ﬁxation and desiccation-tolerance. Furthermore, N. com-
mune HK-02 was easy to grow as compared to the unculturable N.
commune. N. commune detected extreme conditions, including
radioisotope-polluted areas and adsorbed radioisotopes, in Fukush-
ima, Japan. Although the forms of the radioisotopes trapped by N.
commune were not identiﬁed, ﬁeldwork analysis suggested that soil-
adsorbed radioisotopes and soluble radioisotopes were the major
and minor contaminants, respectively. Results from the radioisotope
absorption experiment suggested that the N. commune ﬁelds may
absorb silt- or clay-adsorbed radioisotopes. Thus, a method has been
developed to recover radioisotopes from soil.
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